INTRODUCTION
The International Committee on Nomenclature of Viruses recognizes three genera in the family Picornaviridae, namely, the Caliciriruses, Rhinoviruses and Enteroviruses (Wildy, I97I ) . This classification groups the foot-and-mouth disease viruses and the equine rhinoviruses into the Rhinorirus genus and the cardioviruses (encephalomyocarditis, MausElberfeld, Mengo, cf. Fenner, I968) into the Enterorirus genus. Certain physico-chemical properties suggest that foot-and-mouth disease virus and the equine rhinoviruses should not be included in the Rhinovirus genus. Similarly, the marked instability of the cardioviruses at pH 6 in the presence of chloride or bromide ions (Speir, I962; Mak, O'Callaghan & Colter, 197o; Dunker & Rueckert, I97I ; A. T. H. Burness, personal communication) indicates that the members of this group are not typical enteroviruses. This paper presents evidence in support of a division of the picornaviruses into at least six subgroups.
METHODS

Viruses.
The following viruses were grown in monolayers of the cell cultures indicated in parentheses, usually in the presence of actinomycin D (o. ~ to I.o/~g/ml) and of radioactive precursors: foot-and-mouth disease viruses, types O, A, C and SAT 1 (BHK 2I); human rhinovirus, types 2 and 4 (HeLa); equine rhinovirus, strain NM 11 (RK 13) ; vesicular exanthema virus, types A, D and E (IB-RS-2); encephalomyocarditis virus (BHK 2~); bovine enterovirus VG-5-27 (BHK 2I); porcine enterovirus Italian 1/66 (IB-RS-2); Coxsackie, type A9 (monkey kidney); and feline picornavirus, strain BF (feline embryo). The viruses were purified as described by Brown & Cartwright (I963) for foot-and-mouth disease virus.
Buoyant density in caesium chloride. The method used was described in detail by Rowlands, Sangar & Brown 097~)-Viruses were centrifuged for 6 h at 24000 rev/min in the 6 × I5 ml swing-out rotor no. 59m8 of the MSE 65 Ultracentrifuge, at pH 8 and a temperature of 2o °C. Under these conditions the viruses reached equilibrium. Fractions were then analysed for radioactivity and refractive index. The reproducibility of the density determinations was ± o'oo5 g/ml.
Sucrose gradient sedimentation of virus and virus RNA. The radioactive viruses were centrifuged for 3"5 h at 25 ooo rev/min in ~ 5 to 45 ~ sucrose gradients prepared in o"o4 M-phosphate, pH 7"6, using the 3 × 25 ml swing-out SW 25"I rotor of the Spinco Ultracentrifuge. In each I7 2 J.F.E. NEWMAN, D. J. ROWLANDS AND F. BROWN experiment foot-and-mouth disease virus labelled with one isotope was centrifuged as a mixture with a second virus labelled with a different isotope. The relative sedimentation coefficients (s) were estimated from the distances travelled by each virus, using a value of 146S for foot-and-mouth disease virus (Strohmaier, I97I). Virus RNAs were centrifuged for 18 h at 18 ooo rev/min in 5 to 25 ~ sucrose gradients prepared in o.t M-acetate, o.I ~ SDS, pH 5"o. In all experiments, markers of 28S and I6S ribosomal RNA prepared from BHK 21 cells were added to the virus RNAs before centrifuging. Several of the RNA samples were also sedimented as mixtures after treatment with formaldehyde (Boedtker, 1968; Fenwick, I968) to overcome the effects of secondary structure on the rate of sedimentation. The reproducibility of the quoted S values is about + o'5S as standard error of the mean.
Analysis of base composition. Virus RNA labelled with [32p] which had been isolated from the purified virus preparations by phenol extraction and subsequent sucrose gradient centrifugation was hydrolysed for I8 h at 37 °C with o'3 N-KOH. After neutralization with HC104, the nucleotides were separated by the paper electrophoresis method described by Davidson & Smellie (I952) . The dried papers were viewed under a Hanovia UV lamp and the lightabsorbing zones were then cut from the papers and counted in vials containing PPO-POPOP in toluene, using a Packard Liquid Scintillation Counter, Model no. 331o.
Electron microscopy. The purified viruses were mixed with an equal volume of 3 potassium phosphotungstate, pH 7"o, and examined in a Siemens Elmiskop I electron microscope.
RESULTS
Buoyant density in caesium chloride
The buoyant densities for the viruses examined in this study are given in Table I , together with values obtained by other workers. Although the list is intended to be comprehensive some values may have been omitted inadvertently.
Five well-defined groups are apparent with densities of I "34, I "37, 1.4o, 1.43 and 1.45 g/ml. Rowlands et al. 0971) pointed out the errors which can arise when the viruses with higher density are centrifuged for prolonged periods; for example, the buoyant density of foot-andmouth disease virus increased from l'43 to I'46 g/ml when the sedimentation time was increased from 6 to IOO h. Our own results in Table I were obtained at the minimum time (6 h) required to reach equilibrium. Lower virus densities are unaffected by the time of sedimentation (Rowlands et al. I97I) . The wide range of density values reported for the human rhinoviruses 0"38 to 1.4~ g/ml) is probably due to the different conditions used by various workers. It is also possible, however, that the wide range is due to the use of different strains of virus, because we have noticed with foot-and-mouth disease virus that different serotypes have buoyant densities ranging from 1.4 a to r.44 g/ml under our standard sedimentation conditions.
The high density of the equine rhinovirus, NM 1 I, was unexpected in view of its classification with the human rhinoviruses. The large difference in density between the human and equine rhinoviruses was confirmed by their centrifugation as a mixture of [I~C]-labelled human rhinovirus with [3HI-labelled equine rhinovirus (Fig. 1) .
Stability of the viruses at different pH values
Stability at pH 3"o has long been used to distinguish between the entero-and rhinoviruses. At this pH, the infectivity of the enteroviruses is unaffected, whereas that of the rhinoviruses is considerably reduced (Tyrrell & Chanock, 1963 ( Log reduction in infectivity due to treatment at 20 °C for I5 min Coxsackie A9 9"2 < ~ < I < I < I < I
Bovine entero VG-5-27 8'3 < I < I < I < I <7 I 
virus at pH 6"5, and of vesicular exanthema virus at pH 4 to 5 suggested that the determination of the pH at which virus infectivity was lost could be of value in sub-grouping the picornaviruses.
The instability of foot-and-mouth disease virus at different pH values is influenced by the ionic strength of the medium (Vande Woude, I964). For the purpose of these experiments, therefore, it was considered essential to compare the stability of the viruses under strictly comparable ionic conditions. Virus grown in cell cultures was diluted loo-fold in o-1 M acetate buffer solutions of the appropriate pH and kept at 2o °C for I5 min before diluting for titration in phosphate buffered saline, pH 7"6. There was a distinct graded response with pH with the high density viruses showing more lability at lower pH (Table z) . It is noteworthy that encephalomyocarditis virus, which has the same density as the enteroviruses, is somewhat unstable in o.I M acetate at pH 3. This property may be related to the instability of the cardioviruses] (encephalomyocarditis, Maus-Elberfeld and mengo) at pH 6 in the presence of chloride or bromide ions.
Base composition of the virus RNA
Our results are presented in Table 3 with available published analyses. As for the buoyant densityvalues given in Table ~ , an attempt has been made to include all available information.
With the exception of one analysis for poliovirus type I (McGregor & Mayor, ~97t) and the values for Coxsackie A9 and A Io (Mattern, I962), the published figures for the human enteroviruses fall within a fairly narrow range (Table 3 ). The compositions given by Mattern 0962) for the Coxsackie A viruses show low adenylic acid and high guanylic acid, which is surprising since the ratios for Coxsackie B ~ virus RNA (Holland, ~96a) are similar to those for the three types of poliovirus. In view of this discrepancy, we checked the composition of Coxsackie A 9 by analysing the RNA from [a2P]-labelled virus grown in monkey kidney cells. Our results are similar to those in Table 3 for poliovirus and Coxsackie B ~ virus. Also in Martin et al. (197o) for the bovine enteroviruses showed higher adenylic and cytidylic acid and lower uridylic acid content. However, our analysis for strain VG-5-27, one of the bovine enteroviruses examined by Martin et al. (197o) , was similar to that for the human enteroviruses.
The cardiovirus RNAs have similar base compositions which differ from those of the enteroviruses in their lower content of adenylic acid. Our value for encephalomyocarditis virus (Table 3 ) was similar to that obtained for the same virus by Faulkner et al. (196 0 and All values are related to those for foot-and-mouth disease virus as datum.
Burness (I97O). The base compositions of the cardioviruses thus indicate that they belong to a different subgroup from the enteroviruses. The RNAs of three types of vesicular exanthema virus have compositions which are similar to those of the enterovirus RNAs except for the rather lower proportion of guanylic acid. In contrast, feline picornavirus (strain BF), which has a morphology and buoyant density similar to that for the vesicular exanthema viruses, has a different base composition. This result casts doubt on the classification into the same subgroup of vesicular exanthema virus and the feline picornaviruses.
The available base compositions for three human rhinovirus RNAs are very similar and are typified by a high proportion of adenylic acid. There is no similarity between the base composition of this group of viruses and that of any of the other picornaviruses, including equine rhinovirus. The only analysis available for the equine rhinoviruses, which is from our own work with strain NM 11, is quite different from those available for three strains of human rhinovirus and provides further evidence that it should be placed in a separate subgroup.
The RNA composition for the several different serotypes of foot-and-mouth disease virus are similar but differ from those for the other picornavirus RNAs. The compositions are sufficiently different from those of the human rhinovirus RNAs to warrant their place in a separate subgroup.
Sedimentation coefficients of the picornaviruses and their RNAs
Foot-and-mouth disease virus labelled with one isotope and a second picornavirus labelled with a different isotope were sedimented as mixtures in sucrose gradients and the distribution of each isotope determined. The relative sedimentation coefficients obtained are given in Table 4 (see Methods) .
Similar sedimentation experiments were made with mixtures of the virus RNAs. All sedimentation coefficients were in the range 32 to 37S in o. I M-acetate-o. ~ ~ SDS (Table 4) . Results for the RNAs after incubation with formaldehyde are also given in Table 4 human rhinovirus strains and of the feline picornavirus, strain BF, are smaller than the other picornavirus RNAs. However, the difference in sedimentation coefficient after formaldehyde treatment may be related to the configuration of the RNAs since both the human rhinovirus and feline picornavirus R N A have lower GC contents (Table 3 )-It is probably relevant that the 28S ribosomal R N A from HeLa or B H K cells, with a mol. wt. of 1.7 x 1@ and GC content of 64 ~, had a sedimentation coefficient of I9S after formaldehyde treatment, whereas foot-and-mouth disease virus R N A with a mol. wt. of 2"7 x lo~ and GC content of 52 ~, had a sedimentation coefficient of ~7S under the same conditions. This suggests that the configuration may be more important than the mol. wt. in influencing the rate of sedimentation even under these conditions.
Electron microscopy
The morphologies of the picornaviruses are almost identical, apart from those of vesicular exanthema virus and the feline picornaviruses ( Fig. 2 ; Zwillenberg & Btirki, i966; Almeida et al. 1968; Wawrzkiewicz et al. I968) . The Caliciviruses have distinctive patterns of staining with phosphotungstic acid. With the exception of the Caliciviruses, all picornaviruses have diameters in the range of 24 to 3o nm. The two Caliciviruses have diameters of 35 to 4o nm.
DISCUSSION
Results presented in this paper suggest a division of the mammalian picornaviruses into six subgroups. Five groups are distinct on the basis of buoyant density in caesium chloride, namely those with densities of 1.34, 1.37, t.4o, 1.43 and 1.45 g/ml (Table I ). In addition, the distinct base compositions of the entero-and cardioviruses, both of which have a buoyant density of t'34 g/ml, point to a further subdivision requiring a sixth subgroup. Further evidence for this subdivision is the instability of the cardioviruses but not the enteroviruses at pH 3 and at pH 6 in the presence of o.I M-chloride or bromide (Speir, 1962; Mak et al. i97 o; Dunker & Rueckert, I97t ; A. T. H. Burness, personal communication) . A study of the factors underlying these differences may provide information on the molecular structure of the subgroup members.
The instability of the rhinoviruses at pH 3 distinguishes them reliably from the enteroviruses, which are stable at the same pH (Tyrrell & Chanock, 1963) . Similar sub-grouping of the other picornaviruses is also shown by their stability between pH 3 and 7 (Table 2 ). There is an interesting correlation between stability at these pH's and buoyant density in caesium chloride. Thus, the viruses which are stable down to pH 4 (the enteroviruses and cardioviruses) have a low buoyant density (I-34 g/ml), whereas the viruses which are unstable at pH 6 (foot-and-mouth disease virus and equine rhinovirus) have a high density 0"43 to 1.45 g/ml). Other viruses are intermediate in stability and buoyant density.
Bellett 0967) has assigned viruses to clusters on the basis of the tool. wt. and base composition of the virus nucleic acids. The data in Table 3 suggest that the base composition of the RNAs can be useful in sub-grouping the mammalian picornaviruses. In each of the six subgroups the individual members have similar base compositions except for the Calicivirus subgroup containing the vesicular exanthema viruses and feline picornaviruses. These viruses have been placed in the same subgroup by the International Committee for the Nomenclature of Viruses (Wildy, i97 0 on the basis of their distinctive morphology and range of pH stability. This classification is supported by the similar values for the buoyant density in caesium chloride (Studdert et al. I97o; Pichler & Btirki, I97I; J. Prydie, personal communication) . However, our analyses showed that the base compositions of the two viruses are different. Since only one strain of feline picornavirus has been analysed it is clearly necessary to check these differences with other strains.
The base compositions of the RNAs of members of the enterovirus subgroup show the largest individual variation. The many results for poliovirus type ~ are reasonably similar apartfromthatgiven by McGregor & Mayor 0970. Mattern's (I962) analyses for Coxsackie viruses A9 and A Io are widely different from those for the other human enteroviruses and were not confirmed by our own analysis of Coxsackie virus Ag, which was similar to those published for the polioviruses and Coxsackie virus B t.
The three members of the human rhinovirus subgroup for which analyses are available have similar base compositions which are strikingly different from that for the equine rhinovirus RNA. This difference, taken in conjunction with the difference in buoyant density, provide sufficient evidence for placing the equine rhinovirus into a separate subgroup. Further support for this separation is given by two observations on the growth of the human and equine viruses. First, it is well established that the human rhinoviruses have a very restricted host cell range in cell-culture systems, whereas the equine rhinovirus will multiply in a wide range of cells (Burrows, I969) . Secondly (S, S)-I,z bis(5-methoxy-2-benzimidazolyl)-i-2-ethanediol did not inhibit the growth of equine rhinovirus but was very active against 55 strains of human rhinovirus (Schleicher et al. I972 ) .
All strains of four serotypes of foot-and-mouth diseasevirus have similar base compositions which are quite distinct from those of any of the other proposed subgroups. This similarity of the base compositions of individual members of each subgroup leads us to propose that membership of a subgroup should depend on demonstration of the 'correct' base composition for that group.
